Abstract: This paper analyses the medium-term effects of a carbon tax on growth and CO 2 emissions in Ireland, a small open economy. We find that a double dividend exists if the carbon tax revenue is recycled through reduced income taxes. If the revenue is recycled by giving a lump-sum transfer to households, a double dividend is unlikely. We also determine that a greater incidence of the carbon tax falls on capital than on labour. When combined with a decrease in income tax, there is a clear shift of the tax burden from labour to capital. Finally, most of the effect on the economy is due to changes in the competitiveness of the manufacturing and market services sectors. These results hold even if we allow changes in energy prices to have an enhanced (detrimental) effect on Ireland's competitiveness.
The Impact of a Carbon Tax on Economic Growth and Carbon Dioxide Emissions in Ireland 1. Introduction
The Government of the Republic of Ireland is contemplating the introduction of a carbon tax to help meet the emission reduction targets imposed by the European Union. The
Programme for Government 2007 Government -2012 states that " [a] ppropriate fiscal instruments, including a carbon levy, will be phased in on a revenue-neutral basis over the lifetime of this Government."
1 In this paper, we analyse the implications of a carbon tax for the economy and for carbon dioxide emissions.
The cheapest way to meet any emission target is to set the marginal cost of emission equal for every source (Baumol and Oates, 1971) . The easiest way to establish a uniform price for emissions is to impose the same emission tax on all sources (Baumol, 1972; Pearce, 1991) . 2 This implies that the marginal cost of emission reduction is equal across all sectors of the economy. If marginal costs are not equalised, total economic costs are higher than necessary. 3 For example, if it were cheaper to reduce an additional tonne of carbon in the electricity sector than in the transport sector, then emissions should be reduced further in power generation and less far in transport (while total emission reduction should stay the same). This way national reduction costs are minimised. A uniform tax also adheres to the basic notion of fairness that like cases should be treated alike. As there is no difference between a tonne of carbon dioxide emitted by power generation and a tonne emitted by transport, it is fair to tax emissions from both at the same level. A carbon tax is therefore an appropriate instrument for emissions reduction.
1 http://www.taoiseach.gov.ie/attached_files/Pdf%20files/Eng%20Prog%20for%20Gov.pdf 2 Tradable permits are an alternative for creating a uniform price (Montgomery, 1972) but, for stock pollutants such as greenhouse gases, taxes are more robust under uncertainty (Weitzman, 1974; Pizer, 1999) . 3 This is not the case if there are market imperfections and prior tax distortions, and the carbon tax interacts with these imperfections and distortions (Baumol and Bradford, 1970) . Our understanding of these matters in an Irish context is incomplete.
The desirable level of the carbon tax is a complicated issue. Some would argue for a costbenefit analysis, and then set the tax equal to the social cost of carbon (Tol, 2005) . Others would argue that the tax should be set at a level that is sufficiently high to meet the emission target with reasonable certainty (den Elzen et al., 2007) . Yet others would argue that the carbon tax should not exceed the level that is acceptable to the electorate (cf. Li et al., 2004) . This debate is beside the point. Ireland's emissions are a tiny fraction of global emissions. A carbon tax in Ireland will not stop climate change -indeed, it is unlikely to have a measurable direct impact on global warming. A carbon tax is important because it signals Ireland's commitment to international climate policy. A carbon tax also
gives the important signal to companies and households that climate policy is serious and here to stay.
A carbon tax should be uniform across sectors to ensure that the cost of reducing emissions is minimised. However, some 45 per cent of Ireland's carbon dioxide emissions (and 30 per cent of total greenhouse gas emissions 4 ) are already regulated by a price mechanism (Ellerman and Buchner, 2007) . The EU Emissions Trading System (ETS) sets a price for carbon dioxide emission permits for power generation, the production of cement and alumina, along with other sectors. Therefore, the carbon tax should be set equal to the permit price. In that way, the price of emissions is uniform across all sectors of the economy.
5
Matching the carbon tax to the price of emission permits in the EU ETS is not a trivial task. The EU ETS spot price of carbon dioxide emission permits varies daily, whereas a carbon tax is constant for a budget period, or varies according to a fixed schedule.
However, there is also a futures market for emission permits, where prices are less volatile. The carbon tax of the following year could be announced in the Budget, and set 4 In addition to carbon dioxide, the most important other greenhouse gases are methane and nitrous oxide. 5 We would in fact prefer to replace the ETS with a carbon tax, or extend the ETS to cover all emissions. Neither option appears politically feasible.
equal to the futures price of the final trading day in November. 6 In that case, at least in expectation, the carbon tax would equal the permit price.
The proposed rule -a carbon tax set equal to the futures price of tradable permits -is fair and economically efficient as every source pays the same amount per emitted tonne. The proposed rule has a third advantage. Climate change is a long-term problem. The transition to a zero-carbon economy will take a century. Investment and research cycles are much longer than electoral cycles. For these reasons, climate policy should not be subject to the short-term considerations of the economic or political cycle. Reminiscent of the Central Bank's situation, the proposed rule makes the carbon tax independent, to some degree, of day-to-day political and economic issues.
Carbon dioxide emissions from power generation 7 and several other sectors are already regulated by the EU ETS. These emissions should be exempt from the carbon tax. As a matter of principle, double regulation should be avoided. In this particular case, imposing a domestic tax on sectors subject to European regulation would be ineffective and expensive. A domestic tax on emissions in the EU ETS would reduce emissions in
Ireland, but because the emission cap is Europe-wide, every tonne reduced in Ireland would be emitted elsewhere. The net effect on emissions would be zero. Furthermore, because the domestic tax would distort the market for emission permits, the costs of emission reduction would increase in Ireland (Tol, 2007; Boehringer et al., forthcoming) while it would fall marginally in the rest of the EU, without any commensurate benefit in terms of reducing EU-wide emissions.
Carbon dioxide emissions not regulated by the EU ETS by and large come from fossil fuel combustion. The carbon tax is therefore best administered as a duty on fuels, with very low administrative costs. The duty should be proportional to the carbon content of the fuel.
The exact carbon tax of January would be announced in December only. This is not a problem, if the carbon tax equals the futures price as a rule. Futures prices for carbon permits are public knowledge, and the futures price in early June (say) is similar to the futures price in late November. 7 Including power generation by bodies other than electricity utilities. 8 The carbon content of fuels is readily available from Sustainable Energy Ireland. These numbers are also used for Ireland's emission accounting, which follows internationally agreed rules under the UN Framework Convention on Climate Change.
Based on these considerations, the rest of the paper analyses the implications of a carbon tax for the Irish economy, both in terms of growth and of carbon dioxide emissions. We isolate the effect of a carbon tax from ongoing (and unrelated) changes in the economy.
We determine that a carbon tax is able to yield a double dividend for Ireland, by both reducing emissions and accelerating growth, if the revenue is properly recycled to reduce existing taxes. We describe the channels through which the taxes are effective and determine that in the case of a carbon tax the tax burden is shifted from labour to capital.
Section 2 reviews the previous literature. Section 3 describes the HERMES model.
Section 4 discusses the macro-economic effects of a carbon tax and its impact on emissions. Previous studies have highlighted how the effects of tax reforms depend on the pre-existing tax structure and the specific way in which the revenue collected by any new taxes is used. In section 4 we therefore distinguish between the effects due to the introduction of a carbon tax and those driven by different revenue recycling scenarios.
Section 5 suggests that economic growth would be enhanced and emissions reductions would be subdued in a real-case scenario based on recent forecasts of the Irish economy.
Section 6 concludes.
Previous research
There is a large literature on the economic impact of greenhouse gas emission reduction (Barker et al., 2006) , and a substantial share of these papers uses carbon taxes as the policy instrument. Starting in the 1990s there has been a growing literature on the doubledividend potential of environmental taxes: a carbon tax would reduce emissions and, in addition, the recycled revenue could accelerate economic growth and increase employment by reducing existing taxes on labour and capital. A weak version of the double-dividend hypothesis, which states that welfare is greater when pre-existing distortionary taxes are reduced than when the revenue is returned to tax payers as a lumpsum, is generally accepted (Goulder, 1995) . The strong version, which claims that there are no costs (or even negative costs) to implementing an environmental tax is more controversial, although it is the one of most interest from a policy perspective. The rest of the paper refers to the strong version of the double-dividend hypothesis.
Earlier studies, using partial equilibrium models or one-factor general equilibrium models, and assuming competitive markets (e.g., Pearce, 1991; Bovenberg and De Mooij, 1994) found rather stark results on double dividends: either large or zero. In fact, it is not possible to have a double dividend in a one-factor model because there is no distortion by definition (Bovenberg and De Mooij, 1994; Goulder et al., 1997) .
Later analyses with multiple production factors and distorted labour markets found more nuanced results. Two-factor models introduce the possibility of inefficiencies in the tax system. The marginal excess burden (MEB) -that is, the loss of overall production efficiency due to taxation -of a tax depends on its level and on how sensitive labour and capital are to changes in the price they are paid. For labour the sensitivity is measured by the wage elasticity of labour supply. For capital (in a closed economy), it is measured by the intertemporal elasticity of substitution in consumption. In both cases the distortion is larger if the elasticity is larger. Replacing a high MEB tax with a low MEB tax reduces the distortion in the economy and stimulates growth. The gain is larger if (1) the difference in MEBs is larger; (2) the burden of the environmental tax falls mainly on the undertaxed factor; and (3) the recycling of revenues mainly reduces the burden of the overtaxed factor (Goulder, 1995) .
The efficiency gain has to overcome the negative effects of a carbon tax. Besides the higher cost of energy, there are distortions arising from a carbon tax. The broader the tax base, the lower the distortion. A carbon tax, however, has a relatively narrow base, as it is meant to change specific behaviour. In fact the more effective a tax is at reducing carbon dioxide emissions, the more distortionary it tends to be, since its effectiveness is based on its ability to change consumers' behaviour significantly (Goulder, 1995 (Goulder, 1995) .
Substitution elasticities between labour, capital and energy are also important, as they determine the effective incidence of a carbon tax, as well as the size of the deadweight loss caused by the higher cost of energy. In developed economies, capital and energy are closer substitutes than are labour and energy (van der Werf, 2008) so a carbon tax would shift the tax burden from labour to capital. In Ireland, labour taxes are high relative to taxes on capital low and, as shown below, existing studies on Ireland find a double dividend effect.
The situation is different in the USA. Goulder (1995) , Bovenberg and Goulder (1997) ,
and Jorgenson and Wilcoxen (1993) shifted to the unemployed. Some studies (e.g. Carraro et al., 1996) find that when a double dividend exists, it tends to be associated with smaller improvements in environmental outcomes.
Most of the studies presented above refer to closed economies; they are not concerned with trade. For a small open economy, Holmlund and Kolm (2000) show that a carbon 9 The other alternative considered was a lump sum payment to households. (2007) also find that a carbon tax with lump sum recycling would slow economic growth.
The earlier results for the effect of a carbon tax for Ireland suggest that a double dividend is possible but is by no means certain or automatic. Existing taxes and distortions in the labour and capital markets, together with the specific form of the tax reform, determine the ultimate outcome (Fullerton and Metcalf, 2001) . That is, a double dividend can be achieved if the tax reform takes account of existing distortions to capital and labour markets and recycles the revenue wisely.
This study differs from the papers reviewed above in several ways. We use a simulation model of the economy of Ireland, but abstract from changes in the economy due to factors unrelated to the changes in taxation by keeping the economic structure fixed at its 2005 level. Moreover the effects of a carbon tax and the effects of recycling the tax are analysed separately. In the following section we show the results of imposing three types of tax calibrated to have an identical impact on government borrowing as a percentage of GNP: a carbon tax, a lump sum tax on households and a change in income tax. We then consider the combined effects of a carbon tax where the revenue is recycled through either a lump sum tax rebate or a reduction in income tax rates.
The model
The HERMES macroeconomic model has been used to develop medium-term forecasts of Firms in the market services sector are price setters, passing on any cost increase (or decrease) to final consumers, be they domestic or foreign. Manufacturing, on the other hand, is a price taker and mostly sells on the international market. Finally, since it is a small economy, government debt (or financial assets) is funded on international markets.
The model focuses initially on the output or production relationships and examines the downstream expenditure and income consequences. The key mechanisms within the HERMES model are: 12 1. The exposed tradable sector is driven by world demand, elements of domestic demand and cost competitiveness. The exposed sector refers to those sectors of the economy that are exposed to international competitive trade and consists of manufacturing and business and financial services. The equations determining long-run output in the tradable sector are shown in Appendix 1. Manufacturing is a price taker, whereas the business and financial services sector is a price setter.
The latter passes on any cost increases or decreases to the final consumer.
2. Energy is imported and enters the production function within a composite materials variable (including services inputs). In manufacturing, within the materials inputs factor, energy and other raw materials are assumed to be used in a fixed proportion. Energy does not enter the production function of services.
3. The sheltered market sector (building and part of market services) is driven by domestic demand.
4. The public sector is policy driven -decisions on tax rates and expenditure are treated as exogenous. However, borrowing and debt accumulation are endogenous.
5. Labour demand is derived from the factor demand systems for the individual sectors of the economy. Labour supply is modelled as a function of migration and participation decisions. The long run stock of migrants is modelled as a function of the factors affecting the relative attractiveness of the Irish and foreign labour markets. This, in turn, affects labour supply. Labour supply and labour demand together determine the long-term equilibrium wage rate.
As shown in Table 1 
The impact of a carbon tax reform on the 2005 economy
As discussed in Section 2, theoretical studies have highlighted the channels through which a double dividend from a carbon tax might arise. Double dividends can occur through decreased distortions in the labour market, leading to higher employment; through changes in the terms of trade, improving the balance of payments; through reductions in the tax burden of the most taxed factor of production; through some combination of these three channels.
Simulations that are based on forecast models have the advantage of estimating the effects of taxes in a realistic scenario (cf. Section 5). The main drawback is that by their own nature they do not distinguish between the direct effects of tax changes and other exogenous changes that take place in the economy. In this section, we focus on the direct effects of changes in taxation. We abstract from ongoing changes in the Irish economy by simulating the effects of the tax changes where the economic structure is held constant at its 2005 level. 13 We consider three options for the use of the revenue from a carbon tax:
the revenue is used to repay government debt (acquire financial assets); the revenue is used to reduce income taxes; the revenue is used to make a lump sum tax rebate to all residents.
To clarify the effects of different ways of recycling the enhanced tax revenue we first examine the effects of the three different tax changes, treated individually. The increased revenue from the carbon tax is used to repay government debt (or acquire financial assets). The decreased revenue due to reductions in income tax or the lump-sum transfer to residents is also compensated for by changes in government debt.
This analysis illustrates the deadweight losses involved in levying different types of taxes in Ireland today. The changes in taxes are generally calibrated so as to have an identical impact (in absolute value) on government borrowing as a percentage of GNP in each year. We then combine the carbon tax with the revenue being recycled through reduced income taxes or a lump-sum tax rebate to arrive at an estimate of the combined effects of the tax changes. The case with a carbon tax on its own is identical to the case where the tax revenue is recycled to repay government debt. In this case the tax has no further effect on the economy (and therefore there is no double dividend).
We also establish the economic incidence of the different tax instruments on capital, labour and other personal income (primarily transfer income to households). The incidence is calculated by first determining the change in real after-tax income of labour and capital in million euro (at constant prices). The incidence is then defined as the share of the overall change represented by these amounts. In the case of labour and other personal income the deflator used is that for consumption. For profits the deflator used is that for GDP at factor cost. Because of the importance of foreign firms in the Irish economy, we also distinguish between the effects of the taxes on foreign and domestic capital.
To understand the medium-term effects of a carbon tax, we analyse the effects of changes in taxes on the economy, 15 "years" after they are imposed. This gives time for the production structure to adjust fully to the change in relative prices. 
Carbon tax
We impose a carbon tax of €20/tonne of CO 2 in 2005 (and hold it at that level for 15
"years") and assume that the government uses the revenue to repay debt (or invest in 14 In the long-term we expect that the increased cost of carbon will lead to investments in R&D in new technologies and eventually to the adoption of technologies that abate emissions. The HERMES model is not suitable for estimating the long-term impact of a carbon tax because it does not take account of the potential reduction in emissions from the adoption of such new technologies.
financial assets). In the medium-term this tax would raise just under €600 million, equal to around 0.47 per cent of Gross National Product (GNP). When all the indirect effects on government revenue and taxation are taken into account this produces a reduction in government borrowing of 0.52 per cent of GNP.
15 Table 3 summarises the effects of different tax changes. As can be seen in the first column, the carbon tax has a direct effect on the price of energy in Ireland.
Manufacturing sees the price of energy inputs increase by about 17.0 per cent, whereas households experience a more limited rise in the price of energy of 3.30 per cent. 16 On average consumer prices, including both energy and non-energy products, rise by around 0.25 per cent. This puts upward pressure on nominal wages, which increase by a slightly smaller 0.20 per cent, thereby causing real wages to dip. Real disposable income decreases by 0.36 per cent, reducing domestic demand, and overall employment decreases slightly as well.
Table 3 about here
Irish manufacturers are price takers on the international market. In a scenario where only the Irish government is imposing a carbon tax, they still face unchanged international prices. This, together with the relative increase in their cost of labour, lowers manufacturing output, even after a shift in the demand for inputs, substituting away from raw materials (including energy) towards capital and labour. This substitution away from material inputs tends to have a positive effect on the economy because a very high proportion of the inputs used in the manufacturing sector are imported.
17
Because the manufacturing sector cannot pass on the increased costs through higher prices and because the substitution possibilities are limited in the medium-term, profitability in the manufacturing sector is reduced. With a substantial proportion of the 15 Indirect effects arise from changes in revenue from other taxes and in expenditure on welfare payments that are due to changes in wage rates, prices and unemployment. As government net indebtedness changes there are also changes in debt interest payments. 16 The price of consumption of energy for households rises by less than that for manufacturing because of the much higher tax and distribution margin in such consumption. 17 The long-run elasticities of demand for the factors of production in manufacturing are shown in Table A.1 through Table A As shown in Table 3 the bulk of the incidence of a carbon tax will fall on capital. Where the tax is introduced at a low level or on an EU-wide basis (where the competitiveness effects are likely to be lowest) the incidence would be shared equally between domestic and foreign capital, with both sharing about 40 per cent of the tax burden.
Carbon dioxide emissions decrease with the imposition of a carbon tax (the first dividend). The reduction in CO 2 emissions from the non-traded sector (excluding electricity and aviation which are regulated by the EU-ETS) is about 2 per cent. This reduction assumes that the government uses all of the revenue to repay debt, and therefore excludes any possibility of double dividend.
The results shown above are realistic if a small carbon tax is imposed unilaterally by
Ireland or if a tax is imposed at a similar rate across the EU. If the tax under consideration were a large tax (of €50 or €100 per tonne of carbon dioxide) imposed unilaterally by Ireland, the results shown above would probably underestimate the effects on the economy and on emissions. In fact the HERMES model is estimated using historical data for a period when energy and material prices in Ireland tended to move in line with those elsewhere in the EU. As a result, the model finds a limited impact on Irish manufacturing output from a rise in the unit cost of production due to rising material input prices, including the price of energy.
In order to build an upper bound on the effect of a carbon tax, we look at the historic effect of wage rates, which have varied independently from wage rates in competing countries over the relevant time period. First of all the coefficients on relative wages 18 are effectively rescaled to reflect the much smaller share of total cost accounted for by energy inputs relative to labour costs, as shown in Table 1 . Then the adjusted coefficient is used to estimate the long-term impact on output of a rise in the cost of energy, due to a carbon tax. The standard substitution effects, as characterised in the elasticities of demand in Table 2 , still remain valid.
The second column of Table 3 shows the results of the 'upper bound' simulation of the effects of a carbon tax. In this case for the same level of carbon tax, €20/tonne of carbon dioxide, the volume of GDP at market prices would fall 0.41 percentage points below the base. The volume of GNP would be 0.09 percentage points lower than in the base. This reflects the fact that the loss of competitiveness has a more detrimental effect on output in the economy. Since in this case the substitution effect is higher, emissions would also decrease somewhat more rapidly, at 2.2 per cent.
More of the incidence of the tax would fall on domestic capital in this case. In fact domestic capital would shoulder 50 per cent of the tax burden in this case.
Income tax
The rate of income tax is changed so as to match the impact of the carbon tax on the government budget, including all the direct and indirect effects. This would involve a decrease in the personal income tax of about 1.45 percentage points, and a decrease of about 0.74 percentage points of GNP.
The third column of Table 3 shows the results of this decrease in income tax. As labour is assumed to bargain in terms of the real after-tax wage, nominal wage rates fall by 1.06
percentage points, less than the fall in the average tax rate. In addition, the decrease in wage rates induces a fall in consumer prices of 0.17 per cent. The combined effect of these changes is to increase real personal disposable income by 1.14 percentage points and increase the volume of consumption by 0.88 percentage points. These results reflect the fact that the elasticity of labour supply is high in Ireland by international standards, 19 so that much of the incidence of taxes on labour falls on employers.
With much of the incidence of the decrease in income tax rates falling on employers through a rise in wage rates, the competitiveness of the manufacturing sector improves.
The result is an increase in output of 0.61 percentage points. GDP at market prices rises by 0.60 percentage points and GNP by 0.37 percentage points.
The increase in domestic output more than offsets the reduction in imports so that the balance of payments improves by around 0.33 percentage points of GNP.
In this case, CO 2 emissions (excluding aviation and electricity) rise by about 0.50 per cent, due to the faster economic growth.
Almost half of the incidence of the income tax change falls on labour with a somewhat lower share (37 per cent) falling on capital.
Lump sum tax refund to households
We go on to consider a lump-sum tax refund to households, which by its nature is unrelated to their labour market or consumption behaviour. Such a lump-sum tax refund is non-distortionary in the sense that it has no impact on the supply of factors of production, especially labour, and it does not directly affect the profitability of the productive sector. It is calibrated to match the impact of the carbon tax on government borrowing as a percentage of GNP -implying a decrease in revenue equal to 0.51 percentage points of GNP.
The last column of Table 3 shows that there would be minimal impact on prices and wages from such a tax refund. However, the increase in real personal disposable income Finally, in the case of a lump sum payment to households, not surprisingly, the vast bulk of the incidence accrues to other personal income.
Net effect of a carbon tax with revenue recycling
Here we show the impact of using the revenue from a carbon tax to reduce either the burden of income tax or else to pay a lump sum tax rebate to individuals or households.
As mentioned above, double dividends might arise if tax reforms reduce the average marginal excess burden. Honohan and Irvine (1987) , using data for the late 1980s in Ireland, identified high deadweight losses from income tax because of the then high marginal rates of income tax. While the marginal and average rates of income tax have fallen dramatically since the 1980s, income tax still involves a significant deadweight loss through the distortions it induces in the labour market. By contrast, a lump sum tax involves minimal distortion of the labour market and domestic production.
The effects of the different taxes on GNP, excluding changes in national debt interest, provide the best measure of the cost (or benefit) from the tax changes. The higher the social costs of taxation the higher must be the potential benefits from the use of that revenue if overall welfare is to be improved.
Part of the incidence of a carbon tax falls on foreign firms (affecting profit repatriations)
and therefore has a limited distortionary impact on the domestic economy. However, if a large carbon tax was imposed unilaterally by Ireland, the incidence of the tax would shift to Irish factors of production and the social costs would be higher (as shown in Table 3 ).
When the revenue from a carbon tax is used to cut income tax, we find a double dividend.
The results reported in the first column of Table 4 show that there would be a positive effect on both GDP and GNP, with GDP being 0.39 percentage points above its base level and GNP 0.45 percentage points above base in equilibrium. This reflects the fact that the deadweight costs from income tax due to the distortions it causes in the labour market are greater than the deadweight loss involved in a carbon tax. The net reduction in carbon dioxide emissions is 1.52 per cent.
The second column of Table 4 shows upper bound effects (as defined above). GDP would only be 0.10 per cent above base while GNP would be 0.27 per cent higher. The ultimate reduction in carbon dioxide emissions would be 2.2 per cent in this case. We therefore conclude that when the carbon tax is recycled through a lower income tax a double dividend is probable, although it is likely to be small. Finally, as shown earlier, if the revenue of a carbon tax is used simply to repay government debt on international markets a double dividend will not arise.
These results are broadly consistent with those found for Ireland in previous studies - 
The impact of a carbon tax reform on an evolving economy
Section 4 focuses on the impact of a carbon tax when the structure of the Irish economy is held constant at its 2005 level. Similar results hold if the Irish economy is allowed to evolve in line with the available forecasts, where the structure of the economy changes over time (Fitz Gerald et al., 2008 ). Following Tol et al. (2008 , we assume that the carbon tax rate increases from €20/tCO2 in 2010 to €38/tCO2 in 2020 (in real terms).
20 Table 5 about here 20 This is in line with available futures prices of CO 2 emission permits in the EU-ETS. Table 5 summarises the results for 2020 when the carbon tax revenue is recycled to lower income taxes, to finance a lump sum transfer to households or to repay government debt. Figure 1 shows the effects on GNP over time. The most favourable outcome for the economy still occurs when income taxes are reduced. In this case GNP grows 1.1 per cent faster than in the baseline (that assumes no tax reform) and employment grows by 1.1 per cent. This increase is much larger than the GNP growth shown in Table 4 , where the economy is not allowed to evolve. The reason is that the economy is projected to become more service-oriented, more export-oriented and less carbon-intensive. The first two trends enhance the positive effect of lower income taxes, while the third trend mitigates the negative effect of a carbon tax.
Under all scenarios, carbon dioxide emissions reductions are more limited. This is because the economy becomes less carbon-intensive, because energy efficiency improves and because services become relatively more important. Emission abatement ranges from a reduction of 0.1 per cent when revenue is recycled as a lump sum transfer to 1.7 per cent when revenue is used to repay debt. These changes fall far short of the EU target for
Ireland, which requires a reduction of 39 per cent in the non EU-ETS sectors by 2020 (Tol et al., 2008) .
While equilibrium runs are the appropriate way to conduct controlled experiments, we conclude that the results from equilibrium runs give biased policy advice, because the structure of economic activity and emissions change considerably, even over a relatively short period of 15 years.
Discussion and Conclusion
In this paper, we analyse the effects of a carbon tax on Irish economic growth and on emissions. We isolate the effects of a carbon tax from those due to unrelated changes in the Irish and world economy by maintaining the economic structure fixed at its 2005 level. We determine the equilibrium effects of such a tax.
The result is that a double dividend in Ireland is possible if the carbon tax revenue is recycled through a reduction of income taxes. This shifts the burden of the tax from labour towards capital. In a small open economy such as Ireland, where labour is particularly mobile and labour costs are a large component of international competitiveness, this tends to improve economic performance. No double dividend is likely to arise if the revenue is given back to households as a lump-sum payment.
We find that the main channel through which the tax changes affect the economy is in fact through changes in the international competitiveness of manufacturing and services.
When the Irish economy is allowed to evolve following recent forecasts, the effect of a carbon tax is likely to be even more favourable to the economy, whereas the results on carbon dioxide emissions will be more muted.
In the long run, the biggest impact from a carbon tax (and permit price) will be to incentivise research into new technologies (Popp, 2002 , Fischer et al., 2003 Fischer, 2007 ; but see also Adeyemi and Hunt, 2007; van Zon and Yetkiner, 2003) . It is only with such development that major reductions in emissions will be possible. However, the time scale on R&D is measured in decades -and thus beyond the scope of this paper.
If the carbon tax is limited to Ireland, the incentives to do R&D and develop new technologies would be very weak. However, if the price of carbon is similar across the EU, a very large market, substantial R&D would take place and new technologies may be developed. If the increase in the price of carbon were worldwide (as with oil prices) or applied across the OECD, then the effect on R&D would be even greater. Whatever the effect on R&D, as shown here, it is likely to have a limited effect on emissions in the first decade. It is only really in the longer term that major change would be seen with the introduction of new technologies developed because of the carbon tax.
A carbon tax that equals the expected price of CO 2 emission permits on the European market would guarantee that the emissions are reduced in a cost-effective manner. It would also imply that Ireland over-complies with its emission reduction target under the EU Emissions Trading Scheme (EU ETS), and misses its target outside the EU ETS.
Fungibility between the separate targets is therefore in Ireland's interest -but is not foreseen in the initial EU policy proposals. Under this carbon tax, Ireland will also miss its implied aggregate emissions target, and so will have to import emission reduction credits from abroad.
There are a number of caveats. The HERMES model is essentially linear. However, as taxes are ramped up it is likely that the distortions of the carbon tax would be more than proportional (Giavazzi et al., 2000; Honohan and Irvine, 1987) . This is particularly the case if the price of carbon in Ireland were to be significantly different than in its neighbour countries. We address this by building a proxy for an 'upper bound' for effects of a carbon tax. Under this scenario the effect on emission reduction is slightly larger, the effect on economic growth is slightly smaller but the main qualitative results remain unchanged. Since HERMES does not have a detailed representation of technological substitution, the results presented here are valid only up to 10 to 15 years. We would expect that the impact of a carbon tax would be more substantial in the longer term, when the effects of new R&D take place. HERMES also lacks a detailed representation of the consumption side of the economy. A detailed, intertemporal, computable general equilibrium model of the Irish economy would be needed to take into account R&D effects. Whatever the full economic impact of a carbon tax, it is still the cheapest way to reduce emissions. Other policy instruments may achieve similar or larger emission reductions, but necessarily at a higher cost. Figure 1 . Effects of a tax reform on GNP in Ireland for three alternative ways to recycle the carbon tax revenue. The unit cost of production is estimated as part of the estimation of the factor demand systems for each sub-sector, as described in Bradley, Fitz Gerald and Kearney (1993) .
High Tech. manufacturing
The long-run desired level of output in Ireland (Q * )is a function of world output Q u (proxied by US GDP), the unit cost of production in Ireland c i relative to the cost in the OECD area c o (proxied by manufacturing output prices in the OECD area) and Irish wage rates (w i ) relative to wage rates in the UK (w u ). The elasticity with respect to world output is higher from 1990 onwards reflected in the dummy D which takes on the value zero up to 1989 and one thereafter. The elasticity with respect to world activity rises after 1990. What is important for the results in this paper is how output is affected by the competitiveness of the sector. The unit cost of production includes the effects of developments in all costs -materials, energy, labour, and capital -where the weights in the unit cost are estimated as part of the estimation of the factor demand system. These weights approximate the factor shares in total cost. The coefficient on this variable, a 4 , suggests that a one per cent rise in the unit cost of production, due to a rise in energy or materials costs, leads to a 0.61 per cent fall in output in the long run. However, a one per cent rise in domestic wage rates would have a substantial additional impact through the coefficient a 5 .
These results suggest that the sub-sector of manufacturing is more sensitive to labour costs than to other developments. This probably reflects the fact that in the sample period, because much of the inputs of materials and energy into the sector were imported, their prices would have been similar to those in countries competing to attract the firms.
However, if firms were faced with an increase in the Irish cost of energy relative to the cost of energy in other competing countries there might be stronger competitiveness effects than estimated here. Output in Ireland is very sensitive to output in the rest of the world. The sensitivity to changes in the unit cost of production in Ireland (relative to the outside world) is lower than in the case of the rest of the manufacturing sector.
Traditional Manufacturing

Business and Financial Services
In the latest version of the HERMES model exports of services (excluding tourism), X s , are a function of world activity Q w (proxied by US GDP), Irish wage rates, W i , relative to those in the UK, W u , and the rate of corporation tax, T. The elasticity with respect to world output is higher from 1990 onwards reflected in the dummy D which takes on the value zero up to 1989 and one thereafter. The estimated elasticity of services exports with respect to world activity in recent years is very high -between 4 and 5. The elasticity with respect to domestic wage rates is -1.3, which is also high relative to the manufacturing sector. When simulated as a model these equations suggest an elasticity of domestic output in the sector with respect to world activity of 1.37. The elasticity with respect to relative prices/wage rates is around -0.7.
Demand for Factors of Production, Manufacturing
The own and cross-elasticities of demand for the three factors of production (energy is considered part of the materials inputs) are shown below for the three sub-sectors of manufacturing. These estimates are derived for 2005 from the re-estimation of the model of factor demand described in Bradley, Fitz Gerald and Kearney, 1993. For this sector materials, including energy, are a substitute for labour and capital in the long run (when capital is variable). For the carbon tax simulation described in this paper the price of energy inputs in manufacturing rises by around 17 per cent causing the materials input price (including energy) to rise by 0.56 per cent. If all other prices were constant (the price of labour is also affected in the simulation) this would lead to a fall in materials inputs of 0.18 per cent in volume and a rise in capital inputs of 0.13 per cent. The own price elasticity for materials is significantly higher in this sector than in the high tech. sector. The response of factor demand to a change in the price of materials in this sector is similar to that in the traditional sector with the exception that materials and labour are slight complements rather than substitutes. 
